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Introduction
The pyrite-type transition metal compound CoS 2 is an itinerant electron ferromagnet and is predicted, in ground state band structure calculations [1] [2] [3] [4] [5] [6] [7] , to be close to half-metallic. Although some minority spin states are present at the Fermi level in bulk band structure calculations (e.g. [7] ), the system is predicted to be relatively highly spin-polarized. The measured saturation magnetizations (0.74 μ B /CoS 2 [8] ; 0.85 μ B /Co [9] ; 0.87 μ B /CoS 2 [10, 11] ) lie close to, but less than, the 1.0 μ B /Co expected of ideal half-metallic CoS 2 , consistent with these calculations. The measured transport spin polarizations of 56-64%, as determined from pointcontact Andréev reflection for CoS 2 [10] [11] [12] , are actually quite similar to the measured polarization (40-50%) of nominally half-metallic NiMnSb [13] [14] [15] [16] [17] [18] . Much higher electron spin polarization values have been measured for NiMnSb(100) using spin-polarized inverse photoemission [19, 20] but in regions of the surface Brillouin zone away from any surface state Fermi level crossing for NiMnSb(100). As is common for spin-polarized inverse photoemission, the measurements for NiMnSb(100) were taken at normal electron incidence or along the¯ point (the surface Brillouin zone center) corresponding to a surface parallel wavevector equal to zero [19, 20] and the values of the polarization cannot be easily compared to the polarization determined by Andréev reflection [21] [22] [23] . Indeed, one of the serious problems associated with the study of high polarization materials is that the value of the spin polarization depends upon the measurement, not simply the material [22, 23] .
Considering the proximity of the bulk minority spin state to the Fermi level and the overall polarization, CoS 2 actually resembles the much touted La 0.65 Sr 0. 35 MnO 3 [24, 25] , although CoS 2 is structurally and electronically simpler. Significantly, CoS 2 can also be alloyed with the narrow band gap semiconductor FeS 2 to 'fine-tune' the Fermi level position, thus generating the highly spin-polarized ferromagnet Fe 1−x Co x S 2 , which more closely resembles an ideal ground state half-metallic ferromagnet [4] [5] [6] [7] 11] .
Device utilization of highly spin-polarized ferromagnets (e.g. for spin injection) requires fabrication of a heterostructured device architecture. Interface and surface effects then become critical. Minority spin surface states in the nominally half-metallic systems are well known [21, [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] and can 'evolve' into minority spin interface states in the presence of overlayers [21, [32] [33] [34] [35] [36] [37] . The existence of such spin-polarized surface-localized electronic states may have profound consequences; the introduction of interfaces can increase the minority spin population at the Fermi level, with the consequent loss of half-metallic character, even near T = 0.
Although not completely half-metallic (as discussed above), the bulk band structure of CoS 2 projected on to the (001) surface retains a large band gap in the vicinity of the Fermi level for one spin channel (in the occupied minority spin density of states just below E F ) [7] . Although the Curie temperature of pyrite structure CoS 2 is rather low (T C ∼ 120 K [10] ), thus placing limits on the device applications of this material, the investigation of the surface band structure of CoS 2 -based ferromagnets (i.e. pure CoS 2 or the Co 1−x Fe x S 2 system) will allow us to develop a better understanding of the undesirable minority spin surface states in highly spinpolarized materials. Surface band structure studies are clearly required to fully assess the role of the broken symmetry in the z direction due to the surface, as well as the role of the surface relaxation(s) in shifting the position of the minority spin bands relative to the Fermi level. This is the goal of the current study, which has utilized CoS 2 (001) single crystals. The stoichiometric CoS 2 (001) single crystal surfaces can be and have been prepared by cleavage and these are surfaces where we have characterized the details of the surface lattice relaxation and surface structure in prior work. Effects such as surface symmetry breaking were found to be important in Fe 3 O 4 , for example, and may result in shifts of the minority spin channel towards, and even across, the Fermi level [31] .
Experimental details
The CoS 2 (001) single crystals (several millimeters in diameter) were cleaved, as detailed in a previous publication [7, 38] , which provided low energy electron diffraction (LEED) patterns characteristic of a highly ordered surface [38] , as indicated in figure 1. Surface composition and order are seen to be strongly dependent upon surface preparation [37] , but the samples appear to be single crystals with no evidence of twinning or grain boundaries in the LEED or x-ray diffraction. The data reported here are for the stoichiometric surface, with the surface termination in the dense Co-S plane [36] , illustrated schematically in figure 1 .
We present here spin-integrated experimental band mapping measurements, primarily because single crystalline thin films of CoS 2 (001), with known surface stoichiometry, are not presently available. Spin-polarized photoemission and inverse photoemission band mapping measurements typically require ultra-thin film surfaces of known surface stoichiometry. Successful spin-polarized photoemission and inverse photoemission measurements require high values of remanent magnetization along with small saturation magnetization fields: the latter properties are characteristic of very thin single crystal films and are rare in bulk single crystals. As bulk single crystals, the rapid magnetic saturation of the samples in opposite directions which is necessary for spin-polarized photoemission or spin-polarized inverse photoemission studies has been difficult to successfully and reproducibly apply to our CoS 2 (001) samples thus far. We have opted for higher resolution spin-integrated photoemission and comparison with theory of surfaces for which the surface structure and composition has been well established [38, 39] . Nevertheless, this represents one of very few surface band structure determinations of a nominally halfmetallic ferromagnet or very high spin polarization material.
The majority of the angle-resolved photoemission spectra were obtained using plane-polarized synchrotron light dispersed by a 3 m toroidal grating monochromator (TGM) [40] at the Center for Microstructures and Devices (CAMD). These measurements were made in a UHV chamber employing a hemispherical electron analyzer with an angular acceptance of ±1 • , as described elsewhere [40] . The combined resolution of the electron energy analyzer and monochromator was about 80 meV [40] . The photoemission experiments were undertaken with a light incidence angle of 45 • with respect to the surface normal. All binding energies are referenced to the Fermi level, as determined from clean gold. The surface band mapping was undertaken at about 90 K, below the Curie temperature of about 120 K [10] .
The surface band structure
In the overall density of states of the CoS 2 (001) surface, the states with strong Co d-band weight reside near the Fermi level [1] [2] [3] [4] [5] [6] [7] . The wider S 3p bands at −4 and −6 eV binding energies (defined here as E − E F ) are described as Co-S hybridized bands as has been demonstrated by the resonance photoemission at the super Coster-Kronig Co 3p → 3d transition [7] . CoS 2 is largely an itinerant 3d electron ferromagnet, and the occupied states within 2 eV binding energy of the Fermi energy exhibit very little dependence on photon energy [7] . This absence of photon energy dependence suggests conservation of two dimensionality of state, indicating that these features, as observed in photoemission at lower photon energies [7] , are most likely dominated by surface states (surface-localized states that are at binding energies that fall into a gap of the projected bulk band structure) or surface resonances (surface-localized states that are at binding energies that are shared by bands of the bulk band structure). The higher resolution photoemission spectra focus on the Co 3d bands, not the hybridized bulk S 3p weighted bands studied in prior investigations [7] . Figure 2 illustrates the dependence of photoemission spectra of Co 3d bands on emission angle along the 100 direction of the surface, with electrons collected at different angles from −10 • to +16 • , at a photon energy of 43 eV. Due to the crystal field, the 3d band of the octahedrally coordinated Co splits into two subbands: the t 2g and e g bands of the bulk band structure. The sharp photoemission peak around −0.8 eV (E − E F ) is attributed to, at least two strong surface weighted states overlapping with, or placed very close to the fully occupied bulk Co 3d weighted (t 2g ) minority spin bands. The partially occupied Co 3d (minority spin bulk e g ) band can be seen to contribute to the shoulder of the prominent Co peak near the Fermi level at a binding energy of −0.2 to −0.3 eV (E − E F ), and can been seen as a separate feature in the inset photoemission spectra taken at slightly higher photon energy (46 eV versus 43 eV) with improved statistics. This photoemission feature at −0.2 to −0.3 eV (E − E F ) contains strong surface weight, as demonstrated by the conservation of the two dimensionality of state and indicated by the absence of photon energy dependence in this region of the spectra. Such an assignment of surface weight to the features closest to the Fermi level is also supported by the fact that the features in this region of the spectra (near the Fermi level) are also in fact very sensitive to contamination.
In fact, for higher resolution photoemission taken with a slightly higher photon energy (46 eV), analysis of the spectra indicate that there are at least five components in the region where there is strong Co 3d weight, as indicated in the inset to figure 2. As discussed later, these strong Co 3d weight components of the photoemission spectra in the region near the Fermi level are consistent with the surface band structure calculations.
The photoemission data of Takahashi and co-workers [41] also showed that the Co 3d band can be resolved into two subbands, in the vicinity of −1 eV binding energy (E − E F ) and the Fermi level. The bulk 3d e g bands are located around −0.3 eV binding energy and, therefore, the experimental splitting between the bulk 3d e g bands and 3d t 2g bands amounts to 0.5 eV. Although generally consistent with theory [1, 2] and previous work [41] , these band placements are compromised by the strong surface weight of the bands observed here in photoemission.
The Co 3d weighted bands do exhibit dispersion with changing surface wavevector, as seen in figure 2 . The parallel component of the crystal wavevector k can be derived as follows from the kinetic energy and the emission angle:
From the dispersion of the bands with wavevector parallel with the surface, k , evident in the photoemission spectra as a function of emission angle (figure 2), we have mapped the spin-integrated band structure along the¯ -X direction of the surface Brillouin zone. The experimental photoemission remains complicated by the fact that several Co 3d weighted subbands exist that are not cleanly resolved in our photoemission spectra of the CoS 2 (001) surface, as discussed below.
The experimental band structure is shown in figure 3 along the 100 direction, or from¯ toX of the surface Brillouin zone. The normal emission angle corresponds to the¯ point in the surface Brillouin zone. Based on the surface lattice parameter of 5.51Å [36] , the edge of the Brillouin zone Bands strongly localized at the surface, that is bands with more than 40% weight residing in the top one-Co and two-S layer, are indicated by the blue dots. Bands where the weight has decreased at the surface (i.e. dropped below 40%) but retains strong weight in the near subsurface to 20% or more are expressed in red. We find that band weight can shift from surface to subsurface as a function of wavevector as indicated (see text). A portion of the experimental surface band structure of CoS 2 (001) along the 100 direction, derived from photoemission spectra taken at a photon energy of 43 The photoemission feature placed even closer to the Fermi level also disperses away from the Fermi level with increasing wavevector along the¯ -X high symmetry line of the surface Brillouin zone. In addition, high resolution photoemission taken using a Scienta electron energy analyzer [41] ( E = 15 meV) in the region of the Fermi level suggests a decrease in the density of states near the Fermi level, consistent with the surface Brillouin zone, as indicated in figure 4 . These high resolution results indicating a change in the density of states at the Fermi level with increasing wavevector, taken at a photon energy of 21.2 eV (helium I), have been repeated at other photon energies (36 eV) but because of a reduction of resolution at the high photon energies they are qualitatively similar but not as dramatic as those shown in figure 4 . 
The calculated surface band structure
To correctly model minority spin surface-localized electronic states, i.e. surface states and resonances, it is essential that spin-polarized electronic structure calculations fully take into account the details of the possible surface reconstructions and surface segregation. First-principle calculations of a Co 18 S 36 slab (18 composite layers implies 18 Co and 36 S) performed using the projected augmented plane wave method for a stable surface of CoS 2 termination show good overall agreement with dynamical scattering analysis of the experimental LEED I(V) data [38] . The calculated band structure for the (001) surface includes the corrections for the known surface relaxation; the surface S atoms move outwards towards the vacuum, while the subsurface Co atoms move towards the bulk, by approximately 0.03 and 0.11Å, respectively. The S atoms in the third sublayer relax outwards by about 0.12Å (details of calculations and discussion on the structural relaxation can be found in [38, 39] ) thus providing an indication of a strong S-S dimer bond and a dense surface region. Due to the presence of the surface, the symmetry of the slab is reduced from the fcc bulk periodic lattice symmetry.
The calculated CoS 2 band structure along the¯ -X line of the surface Brillouin zone of the (001) surface is shown in figure 3 (panels (a) and (b) ). Those bands with strong surface weight have been highlighted. In figure 3 , those bands found to be strongly localized at the surface region, that is to say that more than 40% of their spectral weight resides in the top-surface layer composed of the one-Co and two-S subplanes, are indicated by blue dots in figures 3(a) and (b). Bands with continued strong surface weight, where the spectral contribution to the surface layer has dropped below 40% yet still remains around 30% are indicated by the red lines in figures 3(a) and (b). In the calculated CoS 2 (001) surface band structure, those regions indicated by the red lines typically are where more of the band weight has shifted to the immediate subsurface Co plane. In bands with strong immediate subsurface layer weight (indicated by the red), the spectral density associated with the immediate subsurface Co plane may have probabilities that are as low as 5%-10%, but in fact the overall subsurface spectral weight can increase to around 20% when the two-S subplanes are considered, and residual weight in the surface layers persists as well in these regions of the surface Brillouin zone.
With regard to surface weight, there are differences between the (001) band structure for majority and minority spins. The majority band, with a binding energy of around −0.3 eV (E − E F ), illustrated in figure 3(a) , starts from the¯ point with about 44% of the spectral weight density residing on the top layer. With increasing wavevector, this majority spin band has a surface spectral weight that drops below 40% in the middle of the surface Brillouin zone between -X and decreases in surface weight to about 34% at the surface Brillouin zone edge orX point. The band is shown with more blue at the Brillouin zone center and the color is shown in figure 3 (a) with increasing red highlighting at the Brillouin zone edge to indicate the change in the surface weight of the band from the surface towards the immediate subsurface layers. The corresponding minority band (panel (b)) also has a similar wave-vector-dependent band dispersion between¯ -X, starting again with a binding energy of around −0.3 eV (E − E F ) from the¯ point. Unlike the majority spin component, the occupied minority spin band near the Fermi level has surface weight that increases with increasing wavevector. This minority spin band, with a binding energy of around −0.3 eV, starts with a probability of about 33% that can be assigned to the surface layer, but with a strong subsurface layer contribution, as indicated in figure 3 
With increasing wavevector, the surface layer weight of this band increases to rise above 40% in the middle of the surface Brillouin zone (between¯ -X), and finishes at the Brillouin zone edge (X point), with about 43% of the band weight at the surface. Thus this minority spin band placed at around −0.3 eV (E − E F ) is shown in blue near the Brillouin zone edge.
The comparison with the experimental k dispersions from toX indicates that the photoemission spectra are indeed dominated by surface weighted bands, although there is a very small shift of about 0.1 eV to greater binding energies in the experiment, as is often the case in such comparisons with theory. The surface state and surface resonance band dispersions in theoretical and experimental band mappings are otherwise in general agreement. The model spin-polarized band structure calculations show that a well isolated surface state band appears near the Fermi level at binding energies of −0.3 eV (in agreement with the band observed at −0.2 to −0.3 eV in experiment) in the band gap of the projected minority states at theX point. This is a true surface state in the minority spin band structure. We observe a similar surface weighted band within the majority density of states, but this does not fall into a gap of the projected bulk band structure, and is thus a surface resonance. Because the majority spin surface resonance and minority spin surface state, at −0.2 to −0.3 eV binding energy, have such similar weights, binding energies, and dispersion, it appears as though this smaller binding energy surface band has no intra-atomic exchange splitting. Careful analysis of the experimental photoemission spectra taken at the surface Brillouin zone center (as in the inset the figure 2) suggests the presence of other majority spin bands with strong surface weight as well, i.e. majority spin bands that are evident in the model calculations. These other surface weight bands that contribute to the photoemission spectra at about −0.5 eV binding energy (E − E F ) do have overlap with the bulk bands.
Several more surface weighted bands are observed at binding energies of −0.9 eV below the Fermi level in the minority spin band structure and at −1.2 to −1.5 (E − E F ) in both the minority and majority spin band structure. These calculated surface weighted bands generally follow the dispersion and binding energy with wavevector seen in the photoemission experiments. Direct comparison with experiment is difficult as there are complications as a result of the contributions from the bulk band structure to the experimental photoemission spectra. Overall, the increase in binding energy with increasing wavevector is similar in both experiment and theory, with the greatest binding energies near theX-point or surface Brillouin zone edge. There are differences between experiment and theory at the surface Brillouin zone edge, but these bands are not true surface states and do not fall into a gap of the projected bulk band structure.
The minority spin surface band companions to the majority spin surface weighted bands at about −0.5 eV binding energy (E − E F ) tend to dominate the photoemission spectra more at the surface Brillouin zone edge and exhibit somewhat higher binding energies (−0.8 to −1.0 eV). Here the binding energies of the majority (−0.5 eV binding energy) and minority spin (−0.8 to −1.0 eV) components differ as a result of the ground state exchange splitting of this surface weighted band, but appear to be very difficult to resolve in experiment near the center of the Brillouin zone. This minority spin band at about −0.8 to −1.0 eV (E − E F ) certainly contributes to the observed photoemission density of states near the Brillouin zone edge.
The surface weighted bands of majority spin along thē -X direction with binding energies greater than −1.2 eV (figure 3(a)) cannot be separately distinguished from similar minority spin bands at similar binding energies (E − E F ) nor the overlapping bulk bands in the experimental spectra. The experimental photoemission is complicated by contributions from the bulk, the contributions from both majority spin and minority spin bands, and finite temperature effects, leading to a broad photoemission feature in the region of −1.5 eV binding energy (inset to figure 2 ). While it is unsurprising that there are differences between experiment and theory, there are regions where photoemission and the calculated surface band structure agree, particularly at the surface Brillouin zone edge.
Conclusions
In summary, model surface band structure calculations indicate that there exists a true minority spin surface state at a binding energy below the Fermi energy, and that the predicted surface weighted Co 3d bands appear to match experiment for CoS 2 (001).
The surface weighted Co 3d e g band exhibits only a small dispersion with wavevector, while the surface weighted Co 3d (t 2g ) bands are seen to have greater dispersion in the surface Brillouin zone along the 100 direction. The calculated (001) surface band structure is seen to be consistent with experiment. Alloying with the narrow band gap semiconductor FeS 2 to generate the highly spinpolarized ferromagnet Fe 1−x Co x S 2 may well leave a band gap at the Fermi level in the minority spin density of states for some surfaces and surface terminations in ground state calculations. This does not imply, however, that such a surface or interface will be half-metallic at finite temperature [43] [44] [45] , and it is necessary to explore first whether such high spin polarization surfaces are thermodynamically stable. The only other similar study where there has been an effort to compare an angle-resolved surface band structure, again spin integrated, to create a surface band mapping in support of a spinpolarized theoretical band structure for a very high polarization material is the example of NiMnSb(100) [46] . Spin-polarized photoemission studies are clearly indicated and needed.
